Ramos-Murguialday A, Birbaumer N. Brain oscillatory signatures of motor tasks. sive brain-computer-interfaces (BCI) coupled with prosthetic devices were recently introduced in the rehabilitation of chronic stroke and other disorders of the motor system. These BCI systems and motor rehabilitation in general involve several motor tasks for training. This study investigates the neurophysiological bases of an EEG-oscillation-driven BCI combined with a neuroprosthetic device to define the specific oscillatory signature of the BCI task. Controlling movements of a hand robotic orthosis with motor imagery of the same movement generates sensorimotor rhythm oscillation changes and involves three elements of tasks also used in stroke motor rehabilitation: passive and active movement, motor imagery, and motor intention. We recorded EEG while nine healthy participants performed five different motor tasks consisting of closing and opening of the hand as follows: 1) motor imagery without any external feedback and without overt hand movement, 2) motor imagery that moves the orthosis proportional to the produced brain oscillation change with online proprioceptive and visual feedback of the hand moving through a neuroprosthetic device (BCI condition), 3) passive and 4) active movement of the hand with feedback (seeing and feeling the hand moving), and 5) rest. During the BCI condition, participants received contingent online feedback of the decrease of power of the sensorimotor rhythm, which induced orthosis movement and therefore proprioceptive and visual information from the moving hand. We analyzed brain activity during the five conditions using time-frequency domain bootstrap-based statistical comparisons and Morlet transforms. Activity during rest was used as a reference. Significant contralateral and ipsilateral event-related desynchronization of sensorimotor rhythm was present during all motor tasks, largest in contralateral-postcentral, medio-central, and ipsilateral-precentral areas identifying the ipsilateral precentral cortex as an integral part of motor regulation. Changes in task-specific frequency power compared with rest were similar between motor tasks, and only significant differences in the time course and some narrow specific frequency bands were observed between motor tasks. We identified EEG features representing active and passive proprioception (with and without muscle contraction) and active intention and passive involvement (with and without voluntary effort) differentiating brain oscillations during motor tasks that could substantially support the design of novel motor BCI-based rehabilitation therapies. The BCI task induced significantly different brain activity compared with the other motor tasks, indicating neural processes unique to the use of body actuators control in a BCI context.
IN AN AGING SOCIETY, motor rehabilitation is becoming increasingly important, and one of the main focuses of the field is the use of neuroimaging techniques to understand the effects of the different treatments. It has been demonstrated that changes in neural networks correlate with improvements in motor function (Fritsch et al. 2010; Koralek et al. 2012; Sehm et al. 2010 ) and that some strategies exciting the motor neural networks in the absence of movements through motor imagery determine motor improvements in patients who have undergone stroke (Sharma et al. 2006 ). However, a better understanding of the relevant neurophysiological processes involved during motor rehabilitation is needed to improve treatment design, optimize efficacy, and reduce intervention time. The use of braincomputer-interfaces (BCI) in motor rehabilitation could help individuals without residual movements to control a rehabilitation robotic device and at the same time serve as rehabilitation assessment tool (Ramos-Murguialday et al. 2013) . During BCI intervention, one can track changes in brain activity during treatment and the patients' involvement during training (tracking volitional features in EEG or other neural activities) and correlate these with functional and neuronal changes to predict or assess recovery. However, different motor components produce very similar brain activity, and as such the decoding of those different components is a complex problem. Although, motor tasks and motor task components involved in motor rehabilitation (active and passive movement and motor imagery) have been extensively studied, these three motor tasks elements (active and passive movement and motor imagery) were never studied in the same participants within the same experimental session, minimizing the experimental variability.
Active (self-paced) limb movements have been mainly described to be accompanied by three different types of eventrelated desynchronization and synchronization (ERD/ERS) patterns at the scalp EEG: 1) contralateral-dominant sensorimotor rhythm (SMR) in the alpha and beta ERD before movement (premovement ERD) (Pfurtscheller and Neuper 2006) ; 2) bilateral symmetrical alpha and beta ERD during execution of movement; and 3) contralateral-dominant betarebound (beta-ERS) within the first second after movement offset (Pfurtscheller and Lopes da Silva 1999) . It has been shown that the topography of the alpha changes is quite different for the low alpha band (8 -10 Hz) and the high alpha band (10 -12 Hz), suggesting that there may be two different SMR alpha rhythms contributing to the ERD during active movement (Pfurtscheller and Berghold 1989) . The lower SMR alpha ERD is more prominent at parietal electrodes, and the topography of the higher SMR alpha ERD is more similar to that of the SMR beta ERD (range 17-30 Hz), i.e., beginning in contralateral central regions becoming bilateral with the movement and extending to frontal and parietal regions (Alegre et al. 2004 ). Movement-related slow cortical potentials during active movement have been very well studied and divided into two main components: 1) the slow cortical potentials occurring during intention or anticipation of an upcoming movement, which is also called the Bereitschaftspotential for self-paced movements (Barrett et al. 1986 ); and 2) the motor potential occurring at the time of the execution (Deecke et al. 1969) .
Several studies demonstrated that, after movement onset, synchronization (ERS) in the ipsilateral and in surrounding, not required, contralateral areas appears, whereas, in the corresponding contralateral region, the desynchronization continues until the end of the motor sequence (ERD) (Alegre et al. 2004 ). This activation pattern has been associated with the concept of focal ERD surrounded by ERS, whereby the less involved ipsilateral motor area neurons and the surrounding contralateral regions are deactivated to increase the gain of the required active regions (Cassim et al. 2001; Hummel et al. 2002; Müller-Putz et al. 2007; Pfurtscheller and Neuper 2006) , specific for the upper alpha frequency range. Furthermore, after movement offset, a positive slow cortical potential appears, which may reflect the inhibition of the motor cortex after termination of the intended movement, as well as afferent sensory projections to other motor-related areas acting as proprioceptive feedback (Birbaumer et al. 1990; Lee et al. 1986; Müller et al. 2003; Müller-Putz et al. 2007 ).
On the other hand, during a passive movement, voluntary planning and preparation are absent, yet the afferent somatosensory components (skin mechanoreceptors, muscle spindles, and joint receptors) produce SMR variations similar to those observed during active movements (Alegre et al. 2002; Keinrath et al. 2006) with the absence of any preparatory ERD/ERS. In a PET study, Mima and colleagues (1999) compared active and passive movements. During passive movements activity was observed in the contralateral primary and secondary somatosensory cortex, whereas the classical motor network, including the primary motor cortex, the supplementary motor area, the premotor cortex, the cerebellum, and the basal ganglia, was active during volitional movements. They concluded that, during passive movements, there is a lack of sensorimotor attention (i.e., attention toward afferent information of movements), necessary to regulate movement control, which is present during active movements. Several groups observed similar activation patterns, using EEG and electrocorticography data, between executed and passively performed movements (Cho et al. 2011; Lee et al. 1986; Lotze et al. 2003; Müller-Putz et al. 2007) . However, other studies have shown that primary motor cortex neurons receive and process sensory afferent inputs from muscle spindles, without generating any active movements and thus are activated during passive movement (Naito 2004) . However, most of these studies did not control for involuntary ipsilateral and contralateral upper-limb electromyogram (EMG) activation, which could indicate that unseen micromovements may have affected the observed EEG activation (Ramos-Murguialday et al. 2010) .
Motor imagery has been proposed as a tool for motor rehabilitation in combination with BCI (Birbaumer et al. 2008) and has been defined as rehearsal of movement without a joint overt action (Grezes and Decety 2001) . The cognitive process of motor imagery does engage supraspinal structures but usually lacks any spinal motor neuron activation. However, as of yet, no description satisfactorily differentiates between the various forms of movement imagination, as the neural response clearly differs depending on the perspective of the imagination (first person "me" or third person "others") and the strategy used (motor vs. sensory for example). On the other hand, and most relevant for active brain control of rehabilitation robots, it has been proven that kinesthetic motor imagery, described as a "first person process" elicits very similar brain activity patterns to that obtained during active movement execution (Neuper et al. 2005) . Neurophysiologically, the neural system used for the execution of a movement has been presented as equivalent to the system activated during the kinesthetic imagination of the same movements (Lotze et al. 1999 ) although the activation is stronger during active movements (Grezes and Decety 2001; Jeannerod and Frak 1999; Pfurtscheller and Neuper 1997) . Furthermore, the observation of movements was found to have an impact on the activity in sensorimotor areas, reflecting processes of motor preparation and motor programming and activating the premotor cortex, the supplementary motor area (SMA), and the precentral cortex (Grezes et al. 1998; Halder et al. 2011) , indicating the importance of volitional initiation for a visuo-motor task.
When addressing the relevant brain activation components in relation to active and passive movements, motor imagery follows the same neurophysiological patterns as active movements (Ehrsson et al. 2002; Gerardin et al. 2000) , except for the overt execution of the movement, no proprioception, no spinal activations, etc. It is important to notice that imagery of unilateral right hand movement can be accompanied by a contralateral beta ERD and an ipsilateral beta ERS Neuper 1994, 1997 ) similar to what has been observed for active movement. However, it is still unclear whether the primary motor cortex (M1), despite being predominantly responsible for the motor command, is necessarily engaged during the imagination of a movement. Most studies postulate the S1, the SMA, the cerebellum, and the premotor and precentral cortex to be active during motor imagery (Sharma et al. 2006) . Whereas some studies suggest an apparent but weaker involvement of M1 (Grezes and Decety 2001; Jackson et al. 2003; Kasess et al. 2008; Lacourse et al. 2005) , others dispute its role, arguing that motor imagery is primarily related to the planning phase of a movement rather than the final execution (Dechent et al. 2004; de Vries and Mulder 2007) . Thus it might be that the M1 is not necessary for an accurate movement representation in the brain but is merely coactivated during imagery. However, it has to be stated that most of these studies lacked appropriate controls for involuntary ipsilateral and contralateral upper-limb EMG activation, which as previously mentioned could have affected the observed EEG activation (Ramos-Murguialday et al. 2010 ). This involuntary upper-limb EMG activation may be caused by a plethora of reasons: 1) undesired movement of the hand during imagery of the same movement to cause EEG activity attributable to movement instead of only imagery; 2) muscle activity during resting when subjects were asked to remain relaxed; 3) bilateral muscle activity during active movement resulting in more bilateral EEG activity when subjects were asked to move one hand and relax the other one.
Regarding the timing of a motor task, one has to differentiate between the preparatory and the execution phases. During unilateral hand movement, the preparatory phase is associated with a contralateral alpha and central beta event-related desynchronization (ERD) that appears 1-2 s before simple movement onset and becomes bilaterally symmetrical in the execu-tion phase (Derambure et al. 1999; Pfurtscheller 1996a, 1996b) . Conversely, in the case of motor imagery of the same unilateral hand movement, the contralateral ERD is present during the whole imagery process, in a manner similar to the preparation of a self-paced hand movement (Pfurtscheller and Neuper 1997; ). These observations indicate that similar (but not identical) neural structures in sensorimotor areas become activated in the course of preparation of a motor action and during the mental simulation of the same action without its execution (Jeannerod and Decety 1995) . Generally mu and/or beta components display a somatotopically organized activation (ERD) pattern, with both the premovement ERD and the imagination-related ERD appearing to reflect similar types of brain states in premotor and motor areas responsible for movement preparation, regardless of whether an action will be performed or imagined . However, sensorimotor rhythms such as mu and central beta can be modified by executed, passive, imagined, or observed movement and other cognitive tasks (Alegre et al. 2002; Derambure et al. 1999; Jasper and Penfield 1949; Leocani et al. 1997; Muthukumaraswamy and Johnson 2004; Neuper and Pfurtscheller 1999; Pfurtscheller and Neuper 1997; Pineda 2005; Salmelin and Hari 1994; Weiller et al. 1996) .
When addressing the relevant brain states during the use of robots for neurorehabilitation, passive motor trainings have not been shown to result in gains in motor function because active participation and volition seem necessary to produce significant motor function improvement (Hogan et al. 2006; Hu et al. 2009; Lotze et al. 2003) . The control of a robot or prosthetic device and the feedback contingency are of vital importance to enable neuro-motor rehabilitation; as in an active motor rehabilitation treatment the feedback plays an important role in coupling intention and action (Ramos-Murguialday et al. 2013) .
The critical elements of feedback have been distinguished according to three aspects, including feedback modality (visual, auditory, haptic, etc.) , the timing of feedback (continuous or binary), and the transmission of the feedback (contingent or noncontingent). The expression "continuous" refers to whether the feedback is presented throughout the entire trial; alternatively, in a binary fashion, the feedback is presented once at the end of each trial. Because a therapist cannot accurately control all the aspects of feedback, robots have been introduced as tools to improve repetition, precision, and control during motor rehabilitation. Robots can be used as tracking systems (no friction and only track limb movements and forces) and for assisting (compensating gravity, guided paths, etc.) and resisting (increasing friction, perturbing trajectories, etc.). To control a robot during these three types of rehabilitation scenarios, a classifier (based on force, movement, EMG, EEG, etc.) to detect action intention and to operate the robot joints is necessary. When utilizing the commonly used linear classifier to control a robot, a threshold has to be defined based on force, velocity, and muscle or brain activity, and feedback is provided each time the activation level crosses that activity threshold. This could happen either at the end of the trial (binary) or during the ongoing trial (continuous). The distinction between contingent and noncontingent defines the amount of association in time between the response (force, velocity, and muscle or brain activity) and the feedback signal.
In this study, we investigated the difference in brain activity during several commonly studied motor rehabilitation tasks, including motor imagery and passive and active movements. During these tasks, we analyzed EEG frequency changes over time. Furthermore, we added an extra task linking brain oscillations (related to the imagination of hand opening and closing) with hand movements using a robotic hand orthosis (haptic BCI). The aim of our work was to analyze the cortical energy changes in the theta, alpha, beta, and low gamma bands during four motor tasks compared with a resting condition. Three of the motor tasks were related to motor rehabilitation (motor imagery, active, and passive movement) and were compared with the BCI task, in which the three elements of the tasks are mixed to link brain activity attributable to motor imagery of hand opening/closing and the exact same movements via a BCI controlled robotic hand orthosis. Furthermore, we intended to study the relationship of these EEG oscillation changes with the preparation, planning, and execution of each of the motor tasks and hypothesized that 1) each motor task will present individual EEG signatures (EEG power at locations L 1 , L 2 ...L n during time periods t 1 , t 2 ...t n ), i.e., characteristic EEG power at different locations during different time periods compared with the other motor tasks (especially against rest that was used as reference); 2) EEG activity during brain control of the orthotic device (BCI condition) would resemble neural activation generated during active movement.
METHODS

Experimental Procedure
Nine healthy volunteers (age range 26.6 Ϯ 4 yr; all subjects were right-handed) were recruited for the experiments. Participants were sitting in an upright position wearing a 128-channel EEG cap. The experimental protocol was approved by the ethics committee of the University of Tubingen, Medical Faculty, with all participants providing written, informed consent before participating in this study. The predominant hand (right) of the participant was fixed to a hand orthosis (Fig. 1C ), and participants were presented randomly with five different auditory cues, indicating the motor tasks to perform, as follows.
Motor imagery without direct control. Motor imagery without direct control (MI) of the orthosis was performed; i.e., the participant imagined moving and imagined feeling the hand moving without moving it and with no movement of the orthosis.
Motor imagery with direct control. Motor imagery with direct control (BCI task) of the orthosis was performed; i.e., the brain Rolandic rhythm oscillations (SMR) during imagining of hand opening and closing drove the movements of the orthosis attached to the hand.
Passive movements. Passive movements of the orthosis were performed; i.e., the hand attached to the orthosis was opened and closed passively without any concurrent mental task.
Active movement. Active movement was performed; i.e., the participant was required to open and close the hand attached to the orthosis, the orthosis following the movements.
Rest condition. The final stage was rest. The participants' SMR oscillations were directly linked with the orthosis movements during the BCI task only. Consequently, during a BCI task trial, SMR decrease in power (desynchronization) was "rewarded" with orthosis movement, and, vice versa, an increase in SMR power (synchronization) was "penalized" with the restriction of orthosis movement.
The orthosis range of motion was adjusted for each participant before starting the experiment. Two seconds after hearing the corre-sponding "task to perform" auditory cue, a "GO" cue was presented, and the participant performed the appropriate motor task for 5 s before movement was terminated by an auditory "end" cue at the end of the task period. All the spoken auditory cues were previously recorded and normalized in pitch, volume, and length to avoid cue differences. All participants had no prior BCI experience and completed five experimental sessions; each session was undertaken on a different day and consisted of completing 10 runs of 25 trials, each resulting in 50 trials per condition per session. An EEG screening was performed the day before the first training session and was used as a calibration session to identify the features, i.e., electrodes and frequency bins presenting higher r 2 values when comparing MI and rest, which were to be used by the BCI classifier. More information about the BCI calibration and functioning can be found in Ramos-Murguialday et al. (2012) .
Data Acquisition
EEG data were acquired using a BrainAmp 128-channel amplifier from Brainproducts (Munich, Germany). An EasyCap 128-channel EEG cap (modified 10 -20 system) (Herrsching, Germany) was used for EEG data acquisition, referenced to the nasion and grounded anteriorly to Fz. Only 61 EEG channels over the motor areas on both hemispheres were used, focusing on premotor, motor, and postcentral areas ( Fig. 1B) . Additionally, we measured horizontal electrooculogram on both eyes and vertical electrooculogram on the right eye for artifact correction and EMG on both upper arms and forearms for the detection of unwanted muscle contractions (e.g., muscle contraction during rest or MI). Data were sampled at 500 Hz and transmitted to a PC for both storage and real-time signal processing, using the BCI2000 platform (www.bci2000.org). EMG data were acquired using four bipolar Ag/AgCl electrodes from Myotronics-Noromed (Tukwila, WA) placed on antagonistic muscle pairs, one close to the external epicondyle on the extensor digitorum (forearm extensor), one on the flexor carpi radialis (forearm flexor), one on the external head of the biceps (upper arm flexor), and the last one placed on the external head of the triceps (upper arm extensor). The EEG and EMG electrode impedance was always kept under 5 and 20, kOhm respectively.
Signal Processing
We performed a time-frequency analysis using a 1.142-s sliding window with an overlap of 26 ms. EEG data were first filtered using a band-pass filter (2-45 Hz) and segmented from 2 s before to 5 s after the GO cue; the baseline from Ϫ1.5 to Ϫ1 s before the GO cue was removed from each segment to remove offsets, and the event-related spectrum perturbation was then calculated using Morlet transforms (Daubechies 1996) . The Morlet transforms used three cycles at lowest frequencies and 23.04 at highest and a time window of 1,114 ms and 30 ms overlap. A 200-ms time window from Ϫ1.5 to Ϫ1.3 s before the GO cue was used as baseline for the event-related spectra perturbation analysis (normalization). Eighty-five linear-spaced frequencies from 3 Hz to 45 Hz and 200 time points were generated.
To test for significant differences in brain activation within subjects and between motor tasks, we used nonparametric statistics (bootstrapping), not assuming a particular distribution. We performed bootstrap analyses to compare brain activity (time frequency) during the motor tasks. Comparisons were performed always in a pairwise manner, i.e., comparing two motor tasks and adopting the comparison rest vs. motor task (BCI, MI, and passive and active movement) as reference for our analyses of each motor task ( Table. 1).
When comparing task 1 with task 2, we subtracted in a trial-by-trial basis task 1 from task 2 time-frequency spectra, and then we averaged these differences and created a time-frequency spectra representing the mean spectral difference between tasks. Motor tasks were also compared between them to detail analysis.
For the spectral difference between task time-frequency plot (DIFF) generation, a baseline removal (power normalization) was performed using a common power baseline calculated averaging both task baseline means. This common baseline was then subtracted from each task time-frequency plot before computing the mean spectral difference time-frequency plot. (Fig. 2C ).
Spectral differences between tasks not resulting as significant using the EEGLAB toolbox (http://sccn.ucsd.edu/eeglab/) were masked and plotted green (Fig. 2) . The null hypothesis distribution used to determine significance thresholds was estimated by accumulating surrogate data from 200 bootstrap replications, shuffling the single-trial spectral DIFF estimates using a two-tailed bootstrap significance probability level (Burgess and Gruzelier 2008; Efron and Tibshirani 1994) . The t1 and t99 percentiles obtained for every frequency and time bin (every "pixel" of the time-frequency plot) from the spectral DIFF were calculated and averaged from all 200 bootstraps. This allowed us to determine at each time and frequency bin the power values determining significance (i.e., with P ϭ 0.01). No averaging of the values of the percentiles was performed in the frequency dimension because at different frequencies we have different power values (higher at lower frequencies), and this would produce false positives in low frequencies and false negatives in high frequencies.
Averaging of the percentiles in time was performed to see significant changes with respect to all changes in time during the entire 7 s of the task, including preparation, onset, and task execution, to compute the bootstrap significance level (i.e., mask).
It is very important to note that, in this study, we considered significant differences in the time-frequency spectra between classes, only clusters (group of neighboring pixels in time or frequency dimension) of more than 18 pixels presenting the same sign significant difference in power with a minimum size in the x-axis (0.5 Hz/pixel) and y-axis (33 ms/pixel) of 3 pixels. We consider that the percentiles Fig. 1 . Experimental protocol. A: channel CP3 time-frequency event-related spectral perturbation (ERSP) during the brain-computer-interface (BCI) task. We divided our analysis in 3 time periods: preparation (Ϫ1,500 to 0 ms), onset (0 to 200 ms; shaded in light gray), and during task (200 to 4,500 ms). B: EEG 128-channel cap used for the recordings. Shaded in green, 61 electrodes used averaging over time and the cluster analysis compensate for the lack of a multiple-comparison correction to an acceptable extent without losing information related to correlation and noise.
Our main goal of the study was to describe spectral differences between motor tasks and describe features that might serve as differentiating factors between conditions. If we use hypothesis testing and correct for multiple comparisons, we would ignore and lose class power (i.e., correlation and noise information are lost). Thus some of the features alone would not result in significant differences, but, if used together, some features might become significant and help a classifier differentiate between classes (i.e., predictability based on recording). To demonstrate this effect, we used a nonparametric framework and determined the Monte-Carlo estimates from the permutation distribution to compare spectra correcting for multiple comparisons. Permutation statistics were computed for each sample in the time-frequency space as implemented in the Fieldtrip open-source toolbox (Oostenveld et al. 2011) . We used 1,000 random permutations on a dependent-sample t-test and an adjusted ␣-level of P Ͻ 0.025 per tail. Although these sample-wise statistics produce a massive number of comparisons [i.e., the product of the number of channels (61) by times (200) by frequencies (85)], the cluster-based correction method was demonstrated to treat the multiplicity problem effectively without losing sensitivity for spectral modulations (Maris and Oostenveld 2007) (Fig. 9 ).
The EMG data were filtered using a high-pass filter at 10 Hz, bipolarized, and rectified. The waveform length of the signal (Farry et al. 1996) , which provided us information about amplitude and frequency of the EMG signal, was extracted for every motor task and rest. After extracting the waveform length of the signal, the EMG data at rest were scanned for artifacts. Any rest trial with EMG activity exceeding 3 SDs at any point in time, at any electrode, within the analyzed time window (1.5 to 4 s with respect to the GO cue) was removed, and the remaining "considered artifact-free" trials were used to calculate an EMG activity threshold; this threshold was set at 3 SD from the mean of activity at rest. Any EMG activity exceeding this threshold (from Ϫ2 to 5 s with respect to the GO cue) for a continuous period of more than 25 ms was considered a muscle contraction. Trials presenting muscle activity at any electrode during the resting task or on the resting hand during any motor task and absence of activity during active opening and closing of the hand were excluded from the EEG analysis. A minimum number of 15 trials per person was required to be included in the analysis, which resulted in 193, 182, 234, 203, and 155 trials for MI, BCI, passive movement, active movement, and rest, respectively.
The time-frequency change analysis was divided in three time windows ( Fig. 1A) as follows: 1) preparation period comprising the 1.5 s before the GO cue presentation starting 0.5 s after the instruction period in which the participants were presented with the task to be performed; 2) time immediately after presentation of the GO cue comprising the 200 ms after the cue; 3) time interval during the task 5 s that the trial lasted. We subdivided time windows in four frequency ranges: theta (3-6 Hz), alpha (6 -14 Hz), beta (15-30 Hz), and gamma (30 -45 Hz).
RESULTS
Preparation Period, with Instructions Before the GO Cue Presentation
During this time, the participants heard an auditory cue instructing them which motor task should be performed and had 2 s to prepare themselves before the imperative GO cue, indicating the beginning of the motor task action.
Theta (3-6 Hz). During the last 200 ms before the GO cue, a significant increase in power was observed in all electrodes, 
Significant power change during motor tasks compared with rest. Significant decrease and increase in power before (preparation), at onset (planning), and during (execution) the 4 different motor tasks [active movement, passive movement, motor imagery (MI) and MI with proprioceptive feedback (brain-computer interface, BCI)]. X stands for significant power change intensity in power and time (i.e., difference in number of pixels in the time-frequency plot showing significant power changes). The number and size of the Xs represent the difference in power in each time period for each task (being x little and XXXX great significant power changes). Cells in underlined font indicate significant changes during BCI condition only, and cells in bold font indicate EEG activity changes related to the BCI condition and active movements only when compared with rest. *Unique task-specific significant changes in power, present during a specific time period (prior, onset, during) in that motor task when compared with rest only (i.e., no significant power changes when comparing during that period of time to any of the other 3 tasks to rest individually). Prior, onset, and during stand for the time periods with respect to the "GO" cue from Ϫ1,500 to 0 ms (preparation for a task), 0 to 200 ms (task initiation in response to an imperative cue), and 200 to 4,500 ms, respectively (during task execution), as described in Fig which was larger at contralateral premotor electrodes compared with MI and rest (5-8 Hz) ( Fig. 3 ; electrode C1). Contrastingly, when BCI was compared with rest, a significant decrease of power (5-7 Hz) occurred 1.5 to 1.2 s before cue onset in the contralateral and precentral ipsilateral electrodes ( Fig. 4; electrode C1 ). Furthermore when we compared preparation for active movement with rest, significant theta (3-5 Hz) increase in power was observed from 700 to 350 ms before the GO cue in all electrodes; however, this increase was relatively constant and stronger in parieto-central electrodes.
When we compared preparation for active movement with preparation for MI, BCI, and passive movement, we observed significantly higher power in theta frequencies during preparation for active movement in all electrodes (from 500 to 300 ms before the GO cue compared with MI and the last 300 ms compared with BCI and passive movement preparation before the GO cue) ( Fig. 6 ). No significant difference was observed in the theta band before passive movement.
Alpha (6) (7) (8) (9) (10) (11) (12) (13) (14) . Significant increase in power was observed for the last 250 and 800 ms before the GO cue in all (mainly parietal) electrodes preparing for MI and active movement tasks, respectively (MI: 8 -12 Hz; active: 6 -10 Hz). The significant increase in power in the alpha band during the preparation for active movement started earlier and was much stronger than during the preparation for MI, eliciting significant differences continuously until the GO cue presentation (Fig. 6) . A 200-ms decrease in power was observed in all electrodes from 1,500 to 1,300 ms before the GO cue when we compared preparing for passive movement and preparing to rest (Fig. 5 ). This effect seems to be a prolongation of a baseline effect. Interestingly, no significant difference in power was observed when we compared the BCI task with the passive movement. Preparation for the BCI task evokes significant power increase in the alpha rhythm frequency band compared with preparation to rest in fronto-central contralateral electrodes only ( Fig. 4 ; electrode FC1), implying that expecting brain control of proprioceptive activation without muscle contraction (as in the BCI task) does not elicit a significant alpha power increase, as during the preparation for an active movement or for a motor imagery of that same movement in all electrodes.
Beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . During the preparation for BCI and MI tasks compared with preparation to rest, we observed from 500 to 200 ms before the GO a significant increase in power in the 16 -18-Hz band in the precentral electrodes and in ipsilateral central electrodes, respectively (possibly related to attention) Fig. 2 . Significance mask. A: time-frequency plots for the active movement task (baseline removed using bootstrap analysis). B: time-frequency plots for the active movement task (baseline removed using bootstrap analysis). C: difference between active movement and rest (rest-active power values) tasks using a common baseline. D: significance mask obtained during the bootstrap analysis comparing active movement and rest tasks. Everything not in green is statistically significant (P Ͻ 0.01). The vertical dashed line indicates the time in which the "GO" cue was presented. Red color indicates desynchronization (DS) (power decrease in dB), and blue shows synchronization (S) (power increase in dB) during BCI compared with EEG activity during the rest condition, as expressed in the color bar. (Klimesch 2012) . During preparation for BCI, passive movement, and active movement, we found significant power changes during the last 500 ms before the beginning of the task. Significant decreases in power during preparation for BCI and passive movement from 18 to 22 Hz [BCI: all electrodes (mainly contralateral); passive: contralateral electrodes] were observed. Significant increases in power during preparation for active movement in all electrodes, what was more pronounced in postcentral electrodes bilaterally (15-17 Hz and 21-23 Hz), were found.
Nevertheless, when we compared preparation for passive movements and BCI, two significant periods of significantly lower power preparing for BCI from Ϫ700 to Ϫ500 and the last 100 ms extending to 300 ms after the GO cue were found at 24 -30 Hz and 18 -22 Hz, respectively. Although preparation for MI just showed a significant power increase right before the cue in low beta (16 -18 Hz), preparation for active movement and BCI showed a significant increase in power from 16 -24
Hz compared with preparation for passive movement. These results indicate two beta band components during task preparation: 1) the contralateral 18 -23-Hz activity (decrease in power) might comprise preparation for passive proprioceptive (without muscle contraction) activation (present before BCI and passive movement only); 2) the ipsilateral precentral 15-18-Hz increase in power might correspond to attention to a task or preparation to execute or imagine movement maintaining hand posture (present only before BCI, MI, and active movements), in line with the findings of Hatsopoulos and Donoghue (2009) .
Gamma (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . During preparation for all motor tasks, 30 -45-Hz significant changes in power were found compared with preparing to rest in all electrodes.
Onset or First 200 ms After the GO Cue Presentation
Theta and alpha (3-14 Hz). These two frequency bands presented similar activity, and therefore the significant changes Fig. 3 . Motor imagery (MI) vs. rest spectral power. Top: bootstrap analysis (grand average) comparing MI task and rest of 52 electrodes from the 61 used (for clarity, 9 electrodes were excluded from the figure). Everything not in green is statistically significant (P Ͻ 0.01). The vertical dashed line indicates the time in which the GO cue was presented. Red color indicates DS (power decrease in dB), and blue shows S (power increase in dB) during MI compared with EEG activity during the rest condition, as expressed in the color bar. Bottom: enlarged views of different channels of time-frequency power difference between these 2 classes.
are reported in the same section. No significant differences were found when we compared the rest task onset with the BCI and active movement tasks onsets. The MI task showed a significant decrease in power (8 -12 Hz) in all electrodes (Fig.  3) at the onset. However, this decrease in power was largest in the contralateral electrodes, predominantly in the postcentral areas and in ipsilateral precentral electrodes; interestingly, for the passive movement task, a significantly high alpha rhythm (12-14 Hz) power decrease was found in the medial-precentral electrodes (Cz, Fz, F1, F2, Fcz, Fc1, and Fc2) .
Beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . All motor tasks but active movement showed significantly lower power in all electrodes in this frequency band compared with rest at onset. For the MI and BCI task onsets, the significant decrease in power was broadbanded (18 -28 Hz) predominantly over contralateral regions and highest in postcentral areas. Contrastingly, during passive and active movement task onset, the significant decrease in power was in a narrow band (24 to 27 Hz) mainly over ipsilateral-postcentral regions for active movement and across all electrodes for passive movement. The largest differences were observed in contra-postcentral electrodes (Fig. 5 ; electrode CP3).
Interestingly, when we compared BCI with passive and active movement task onsets, significantly larger contralateral power decreases (18 -22 Hz) were seen during the BCI task onset. These decreases were only over the contralateral precentral electrodes when BCI was compared with passive onset.
Gamma (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . Only a 100-ms period of significant power decrease (35-42 Hz) was observed in all electrodes during the first 200 ms after the GO cue presentation during MI, BCI, and passive movement onset, which was absent during active movement onset.
During the Task, Excluding the First 200 ms
Theta (3) (4) (5) (6) . During MI, BCI, and passive movement tasks, a significant power decrease was found in all electrodes from 750 to 900 ms after the cue compared with rest. However, for the active movement task, a significant power Fig. 4 . Bootstrap analysis (grand average) comparing MI with feedback (BCI task) and rest. Top: bootstrap analysis (grand average) comparing the BCI task and rest of 52 electrodes from the 61 used (for clarity, 9 electrodes were excluded from the figure). Everything not in green is statistically significant (P Ͻ 0.01). The vertical dashed line indicates the time in which the GO cue was presented. Red color indicates DS (power decrease in dB), and blue shows S (power increase in dB) during BCI compared with EEG activity during the rest condition, as expressed in the color bar. Bottom: enlarged views of different channels of time-frequency power difference between these 2 classes.
increase was found during the same interval (700 to 1,000 ms) across all electrodes (Fig. 6 ). During the BCI and active movement tasks, segments of frequency clusters presenting significant theta power increases (3-6 Hz) were observed after the first 1,800 ms until the end of the trial, again across all electrodes. Furthermore, in the active movement task, the power increase was larger than for the BCI tasks and more pronounced in contralateral areas. However, during the BCI task, the power increase was significantly larger compared with that of the MI task. During passive movement, two segments of frequency clusters presenting a significant power decrease, between 1.2-1.5 and 3.6 -3.8 s, were found (3-7 Hz) in all electrodes. These time points are exactly the times in which the orthosis changes from opening to closing (i.e., orthosis stops for 150 ms to change from opening to closing, changing the sign of the velocity because maximum open or closed position was reached). In this frequency band (theta; 3-6 Hz), BCI presents similar brain activity to that during active movement.
Alpha (6) (7) (8) (9) (10) (11) (12) (13) (14) . This is the frequency band in which a significant decrease in power was more prominent for all the motor tasks compared with rest. During execution of all motor tasks, alpha rhythm was the frequency range that presented more significant power changes compared with rest. The same spatial distribution was found in all tasks, with significant decreases in power observed over all electrodes, but was generally more pronounced and continuous in ipsilateral electrodes for precentral electrodes and contralateral for postcentral electrodes. Thus identifying the ipsilateral precentral cortex as an integral element of motor regulation was expected. We will refer to this significant decrease in power spatial distribution as a "significance diagonal" from contra-postcentral to ipsi-precentral electrodes in motor areas.
During MI and BCI tasks, the significant difference in power occurred in the 7-10-Hz frequency band ( Figs. 3 and 4) . During the passive movement task, this power difference occurred in the 6 -13-Hz frequency band (Fig. 5 ). During the active movement task, it occurred in the 8 -11-Hz frequency band (Fig. 6) . Fig. 5 . Bootstrap analysis (grand average) comparing passive movement and rest. Top: bootstrap analysis (grand average) comparing the passive movement task and rest of 52 electrodes from the 61 used (for clarity, 9 electrodes were excluded from the figure). Everything not in green is statistically significant (P Ͻ 0.01). The vertical dashed line indicates the time in which the GO cue was presented. Red color indicates DS (power decrease in dB), and blue shows S (power increase in dB) during passive compared with EEG activity during the rest condition, as expressed in the color bar. Bottom: enlarged views of different channels of time-frequency power difference between these 2 classes.
The MI task alone was the only motor task showing clearly significant power decreases from 200 ms before the onset until the end of the trial (Fig. 3; electrode CP3 ), but only for the contralateral postcentral electrodes. After the initial 300 ms, significant decreases in power could be observed. The significant decrease in the ipsilateral electrodes displayed the earliest response, particularly in parietal electrodes before appearing later in the medial and finally in the precentral electrodes (posterior to anterior).
During MI across the medio-precentral electrodes, there were two periods presenting a significant decrease in power, one at the beginning of the trial for 350 ms and the second starting 1.5 s after the GO cue and lasting until the end of the trial (Fig. 3; electrode C2 ).
During the BCI task, the significant decrease in power started early in contralateral postcentral electrodes 300 ms after the GO cue and then continued until 2,100 ms after the beginning of the trial, and, after 350 ms of no significant change in power, it decreased significantly again until the end of the trial (Fig. 4) . The significant decrease in power was observed for ipsilateral-postcentral electrodes throughout the entire trial.
During passive movement tasks, we observed the beginning of significant spectral changes at around 200 ms in the contralateral hemisphere compared with rest, similar to what we observed when BCI was compared with rest ( Fig. 5 ; electrode CP3). In contrast, in the ipsilateral side, the significant spectral changes started 150 ms earlier than during BCI task, at 200 ms in the postcentral areas, and were delayed toward precentral areas ( Fig. 5; electrode CP4) .
The significant decrease in power during passive movements was present until the end of the trial in medial-ipsilateral electrodes.
Active movement was the task with the longest latency to the first significant decrease in power of the alpha rhythm compared with rest, starting 800 ms after the GO cue until the Fig. 6 . Bootstrap analysis (grand average) comparing active movement and rest. Top: bootstrap analysis (grand average) comparing the active movement task and rest of 52 electrodes from the 61 used (for clarity, 9 electrodes were excluded from the figure). Everything not in green is statistically significant (P Ͻ 0.01). The vertical dashed line indicates the time in which the GO cue was presented. Red color indicates DS (power decrease in dB), and blue shows S (power increase in dB) during active compared with EEG activity during the rest condition, as expressed in the color bar. Bottom: enlarged views of different channels of time-frequency power difference between these 2 classes. Below EEG electrodes in the topographical view, raw electromyogram (EMG) activity during active movement task. We can observe the significant activity in gamma and mu rhythm to correspond to the presence of muscle recruitment. end of the trial in postcentral areas only. This late onset of significant decrease in power could be explained by a longer latency to the first movement onset for all users, as demonstrated by the EMG activity presented in Fig. 3B . In the active movement case, the significant decrease in power was continuously present toward the end of the trial only in the significance diagonal (contra-postcentral, ipsi-postcentral, and fronto-ipsilateral), and its latency was the same in the postcentral medio-lateral electrodes, as opposed to Takahashi et al. (2011) .
We found more (more time-frequency bins and/or larger difference in power) reduced power (7-10 Hz) during MI than during BCI for the first 500 ms compared with rest mainly in contralateral precentral electrodes. However, we observed more power decrease during BCI than during MI compared with rest for the last 2.5 s of the trial in temporo-medial and medio-postcentral ipsilateral areas. Passive movement presented higher power than BCI during the first 2.5 s (6 -13 Hz) in ipsilateral central and medio-central and precentral.
During the last second of passive movement and MI task, we observed smaller ERD (8 -12 Hz) in postcentral areas (mainly ipsilateral) compared with the BCI task. On the other hand, during BCI, we observed periods of lower power (8 -10 Hz) than during active movement, mainly in contralateral-postcentral electrodes and in ipsilateral-postcentral electrodes during the last 1.5 s (Fig. 3) .
In summary, these data suggest that, during BCI, the significant power decrease in ipsilateral-medio-postcentral electrodes at frequencies between 8 and 10 Hz during the last second of the trial might be a unique effect of the haptic BCI task compared with the other motor tasks and rest.
Beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Contrary to most of the previous results commented on in the literature (Alegre et al. 2004; Derambere et al. 1999; Pfurtscheller and Lopes da Silva 1999; Neuper 1994, 1997; Stanack and Pfurtscheller 1996a, 1996b) . Only limited and very short periods of significant power changes were found during the active movement task in low beta (18 -24 Hz) compared with rest ( Fig. 6 ; electrode C2). However, significant decreases in power during active movement were present mainly in medio-precentral and mediopostcentral electrodes (SMA), which started before movement initiation and continued during movement, mainly in the first 1.5 s after muscle contraction started, in line with the previous work (Ohara et al. 2000 . A short 200-ms period of significant power increase was observed for all electrodes during active movement in the 14 -16-Hz range, concurrently with the first significant increase in power in low gamma, high beta frequency range.
During MI and BCI tasks, a significant decrease in power compared with rest was found for the first 450 ms (MI: 14 -20 Hz; BCI: 20 -24 Hz) mainly across the significance diagonal, whereas, during the passive movement task, just the frequency range from 20 to 24 Hz showed a significant power decrease, and, during the MI and BCI tasks compared with rest, segments of frequency clusters presenting significant changes in power were found throughout the trial. Interestingly, we observed a significantly high beta decrease in power (20 -24 Hz) only for the BCI task, in a manner similar to that observed during the passive movement task compared with rest.
During passive movements, intermittently significant decreases in power were found in the 16 -24-Hz frequency range, becoming more continuous from 1 to 3.5 s after the GO cue ( Fig. 5 ; electrode CP3) compared with rest. The decrease in power in the beta range during passive movements was larger than the decrease during the MI task in ipsilateral centropostcentral electrodes during the entire trial and smaller in contralateral electrodes during the first 300 ms.
When we compared MI and BCI, we found significantly larger power decreases in the beta band (18 -22 Hz) for the BCI task. This decrease occurred toward the end of the trial and was localized mainly to the ipsilateral-postcentral electrodes. In contrast, if BCI and passive movement were compared, we again found significantly larger decreases in power (18 -22 Hz) during the BCI task; however, this was localized in contralateral medio-postcentral electrodes and occurred during the first 500 ms of the trial. These results reflect the influence of proprioception in the ipsilateral beta (20 -24 Hz) decrease in power and of the motor volition in the first milliseconds after the GO cue in the contralateral beta (20 -24 Hz) decrease in power. Furthermore, these results indicate either operant regulation or proprioceptive feedback and are both key factors in maintaining desynchronization in the 20 -24-Hz beta frequency range, as opposed to the main role of the MI in the significant beta desynchronization reported previously (Pfurtscheller and Neuper 1997) , which we found to happen in the 14 -20-Hz range. Furthermore, significant beta band decreases in power were larger and more continuous during MI than during active movement tasks.
Compared with rest, the passive movement produced more significant changes in beta frequency range than the active movement, MI, and BCI tasks. Significant changes in the 20 -24-Hz frequency band were observed during BCI and passive movement tasks only compared with rest. All this suggests the implication of these rhythms (20 -24 Hz) in proprioception without active muscle contraction; however, during the BCI task, the significant power changes were less continuous.
Gamma (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . During MI, BCI, and passive movement, a 200-ms period of significant decrease in power (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) was present in all electrodes 800 ms after the GO cue compared with rest. During active movement, a significant increase in power (38 -45 Hz) from 200 to 400 ms after the GO cue was observed. This significant power increase continued in contralateral postcentral electrodes, spreading to a broader frequency band (26 -45 Hz) starting earlier in contralateralpostcentral electrodes, and was sustained until the end of the trial. The significant gamma increase in power in the 26 -45-Hz frequency range started concurrently with significant decreases in power of the slow oscillations (4 -10 Hz) in the contralateral hemisphere (Fig. 6) , in a manner consistent with previous research (Pfurtscheller and Neuper 1994; Pfurtscheller et al. 1993 Pfurtscheller et al. , 2003 . Generally significant increase in power (26 -45 Hz) started earlier in postcentral contralateral electrodes compared with central and precentral electrodes, with the onset latency of the significant increase in power increasing together with the distance to postcentral electrodes; thus the more frontal the location of the electrode, the larger the onset latency. However, in the ipsilateral hemisphere, no delay between postcentral and precentral areas was observed.
DISCUSSION
We described changes in time and frequency recorded from EEG electrodes placed over the motor strip during four motor tasks and rest and summarized our findings in three time periods (preparation, onset, and during task) and some standard frequency bands (Table 1 ). Significant power change is represented by X values, calculated as the number of pixels presenting significant power changes when we compared that motor task to rest during that time period. The number and size of the Xs represent the difference in power in each time period for each task, with x as little and XXXX as great significant power changes. We calculated the maximum and minimum X value for each time period over all the tasks and segmented it in eight equally large Pow ranges (x, xx, xxx, xxxx, X, XX, XXX, XXXX) .
The presence/absence of X values does not necessarily mean identical activity in tasks presenting/not presenting X values in the same time period (e.g., if X is present before BCI task and passive movement, it does not necessarily mean that before both, tasks result in identical power changes). The X values could result from significant activity changes during different time periods or slightly different frequency bins when taskrelated power changes were compared with resting-related power changes. To statistically compare between motor tasks power changes, additional analyses were carried out (Fig. 7) .
The aim of our work was to analyze the cortical energy changes in the theta, alpha, beta, and low gamma bands preparing for, at onset, and during the execution of four motor tasks compared with a resting condition. In most of the previous literature investigating spectral changes of motor tasks, time-frequency power changes have been analyzed using a baseline to normalize and to observe spectral changes with respect to that predefined baseline. Intertrial intervals or instruction periods are commonly used as baseline periods. In this work, although we did not correct for multiple comparisons, we used statistical analyses to describe relevant spectral changes between motor tasks, using a resting class as reference. Hypothesis testing that corrects for multiple comparisons ignores and lacks correlation and noise information, which indeed would mask features that combined may help a classifier to differentiate between classes (i.e., predictability based on recording) ( Fig. 9 ). Our results could therefore be taken as a study toward identifying the features that might help classify different motor tasks using EEG spectral changes.
The control for involuntary muscle contractions was performed because EMG activity has been observed in forearm Fig. 7 . Active movement vs. BCI spectral power comparison. Bootstrap analysis (grand average) comparing MI with feedback (BCI) task and active movement. Everything not in green in statistically significant (P Ͻ 0.01). The vertical dashed line indicates the time in which the GO cue was presented to the participants. Red color indicates DS (power decrease in dB), and blue shows S (power increase in dB) during BCI compared with EEG activity during the active movement condition, as expressed in the color bar. Below the last channel line (parietal electrodes), we plotted raw EMG activity acquired on top of the extensor digitorum muscle during the active movement condition. The EMG amplitude increase corresponds with significantly higher gamma power in the low gamma region during active movement compared with the BCI condition. extensor muscles during contralateral forearm activity and during mental activity, without finger movements being required. Similarly, Whitham et al. (2007) observed EMG activity in paralyzed subjects with a single limb excluded from paralysis, and as such it has been suggested that EMG activation during mental activity may be related to evolutionarily important mechanisms for preparedness to defend oneself or react; namely mental activity may constitutively activate protective programs of readiness for action (Whitham et al. 2007) .
Preparation Period, with Instruction Period Before the GO Cue Presentation
We observed that preparing for BCI does not resemble preparing for active movement or MI EEG activity. We found that preparation for BCI (hand movements without muscle contractions) presented significantly lower preparatory theta and alpha power compared with MI and active movement preparation (presenting significant increase in power) compared with preparation for rest. This might be explained by participants shifting their attention more toward the proprioception than toward the actual MI during this preparatory phase. It has to be noted that the comparisons here were made against preparing to rest, which indeed presented power changes during preparation very similar to all the motor tasks (Fig. 2B) .
In our data, we demonstrated how preparing to move induced a significant power increase in SMA and centro-parietal electrodes. In recordings with intracranial EEG, it has been observed that movement-associated ERD is preceded by a weak ERS in a nonmovement condition at around 7-12 Hz, compared with a slightly stronger and focal early ERS in two electrode contacts from the left postcentral Rolandic region in a movement condition (Klopp et al. 2001 ). Klopp and colleagues suggested that the early ERS could reflect either functional inhibition, in our case movement inhibition or movement preparation, whereas the late peri-Rolandic ERD represents a state of transient functional activation. Klimesch et al. (2007) demonstrated that alpha ERS is elicited in situations where people withhold or control the execution of a response and is obtained over sites that probably exert top-down control, for instance corticospinal control of motorneurons. Thus they proposed that alpha ERS reflects a top-down inhibitory control process and concluded that alpha ERS plays an active role for the inhibitory control and timing of cortical processing, whereas ERD reflects the gradual release of inhibition, associated with the emergence of complex spreading activation processes. Therefore, a 7-12-Hz ERS should be present during the preparation phase of all motor tasks. However, compared with preparation to rest, we found mainly significant ERS during preparation for MI (centro-parietal electrodes), preparation for active movement (SMA and centro-parietal electrodes), and preparation for BCI (minimally in contralateral fronto-central electrodes). These results follow the observations of Desmurget et al. (2009) that planning or intention of motor actions takes place in parietal cortex, whereas actual movements are produced by activation in the premotor cortex, although movement proprioception (feeling the movement) is induced through activating parietal areas.
We did not observe the decrease in the mu and/or beta band power described in previous work (Derambure et al. 1999; Pfurstcheller and Neuper 1997; Stanack and Pfurtscheller 1996a, 1996b) , probably because of our comparison to preparing for rest instead of comparing it to resting. This can be seen in Fig. 2A , where a clear ERD before the GO cue can be observed. However, the goal of our study was to compare the different tasks that can occur during a rehabilitation training, and therefore comparing it to the task rest allowed us to subtract changes attributable to the protocol (mainly cue presentation and timing).
During preparation for all motor tasks (MI, BCI, passive movement, and active movement), we found significant changes in power in the beta frequency band in contralateral postcentral electrodes at two clearly differentiated narrow frequency bands. This suggests several beta band components during task preparation: 1) 18 -23-Hz power decrease in contralateral electrodes might comprise preparation for proprioception of the movement without active muscle contraction (present before BCI and passive movement only); 2) 18 -23-Hz power increase might correspond to preparation for proprioception of the movement with active muscle contraction (present before active movement only in all electrodes); and 3) 15-18-Hz power increase in medio-postcentral electrodes (present before MI, BCI, and active movement only) could correspond to preparation for a volitional motor action maintaining hand posture (Hatsopoulos and Donoghue 2009) .
Onset or First 200 ms After the GO Cue Presentation
The contralateral decrease in power in the alpha frequency range at MI onset continued until the end of the task, whereas, in all the other motor tasks, there was no significant alpha power change at onset. This might be a result of neural processes involving motor afferents. On the other hand, in the beta frequency range, all motor tasks but active movement presented significant power decrease at task onset. All these significant power decreases in beta oscillations (22) (23) (24) (25) (26) were observed during passive movement, MI, and BCI, suggesting a simultaneous involvement of passive proprioceptionrelated neural networks during kinesthetic MI onset.
During the Task, Excluding the First 200 ms
During the execution of all the tasks, we observed a significant alpha power decrease spatial distribution compared with rest, significance diagonal. Contra-postcentral, medio-central, and ipsi-precentral electrodes in motor areas comprise this spatial distribution of significant alpha power changes, in line with previous work (Babiloni et al. 1999; Crone et al. 1998; Pfurtscheller and Berghold 1989; Pfurtscheller et al. 2000; Toro et al. 1994 ). However, the ipsilateral activation has not been investigated further.
During MI, BCI, and passive movement tasks compared with rest, ERD starts to be significant in parietal areas earlier during the execution of the task compared with central areas and in central areas compared with fronto-central areas. Significant decrease in power appearance occurred at the same time in contralateral electrodes. This might be interpreted as a propagation effect, referring only to the onset of significant alpha ERD when MI, BCI, and passive movement tasks are compared with the rest task.
In Fig. 8 , we can see that the alpha ERD is continuous during the BCI task after the onset. However, these alpha power changes are not marked as significant continuously. Nevertheless, this effect needs further investigation and analysis to prove its significant appearance.
Topographical analysis of the phase of ongoing oscillations between recording sites has led to the detection of "traveling" waves, best documented for alpha frequencies moving in a task-dependent manner, e.g., from anterior to posterior sites (Takahashi et al. 2011) . The fact that travel speed is in the range of neural transmission (Schack et al. 2003) indicates that spreading direction of alpha reflects communication between brain areas. This suggests that the observed significant ipsilateral alpha wave decrease in power, starting in posterior sites earlier and in anterior sites later during passive movements, MI, and BCI task, might indicate sensory information propagating from parietal to motor and premotor areas and not motor intention or planning because the delay toward frontal electrode latency of significant alpha power changes is not present during active movement, a conclusion again supporting previous findings (Schwartz 1994 (Schwartz , 2004 . During a BCI task, we could expect a similar effect to the one observed during active movement because the movements of the hand with the orthosis were controlled by motor-related oscillations on the contralateral hemisphere as in the active movement task; however, this was not the case, probably because of delay between efferent (brain command) and afferent (BCI-guided orthosis movement) activity. The fact that, during motor imagery (MI and BCI) and passive movement, the brain does not use precise somatosensory feedback could delay the appearance of signif-icant alpha power decrease in ipsilateral brain areas via uncrossed afferent fibers arriving directly to precentral central areas and postcentral areas. During active movements, the ipsilateral cortex is activated at the same time presumably with movement-related sensory feedback.
The significant decrease of ipsilateral hemispheric alpha rhythm (6 -10 Hz) activation during MI might be due to different events, such as active inhibition of movements, reception of an efference copy from the contralateral hemisphere, or inhibitory inputs. Regarding the sustained ipsilateral significant decrease in alpha (8 -10 Hz) power during active movements, this might be due to a combination of interhemispheric flow (efference copy), active suppression of mirror movements, and an afferent somatosensory input projecting also to the ipsilateral hemisphere via uncrossed fiber tracts (Korvenoja et al. 1995) .
It has been demonstrated that alpha ERD during passive movements disappeared if local nerve block was administered and proprioception of the upper limb was blocked (Chou-Ching et al. 2003) , indicating that this frequency is directly related to movement proprioceptive input. Therefore, we should not see significant alpha decrease in power during MI; however, we do indeed observe a significant decrease in power in the alpha band during MI, suggesting that either alpha comprises two components and one is related to motor volition or there is an afferent recall during kinesthetic MI.
It has been proposed that ERS should be produced for planning of action and ERD during sensory processing (Kli- Fig. 8 . BCI vs. rest spectral power comparison without significance mask. Time-frequency topographical plot of the difference between active movement and rest (rest-active power values) tasks using a common baseline. The common baseline (Ϫ1.5 to Ϫ1.3 s) has been subtracted from each task time frequency before subtraction between tasks was done. Everything not in green in statistically significant (P Ͻ 0.01) compared with the common baseline. The vertical dashed line indicates the time in which the GO cue was presented to the participants. Red color indicates DS (power decrease in dB), and blue shows S (power increase in dB) during BCI compared with EEG activity during rest, as expressed in the color bar. mesch 2012). The mu rhythm is expected to desynchronize over the respective areas of the homunculus, reflecting the downstream modulation of motor neurons (Pineda 2005) . However, areas (such as the SMA) that are involved in planning of movements should exhibit an increase in power. Indeed with people observing another person doing a complex motor task, Muthukumaraswamy and Johnson (2004) and Muthukumaraswamy et al. (2004) found ERD over sensory-motor areas but ERS over the SMA. However, we observed alpha band ERS during preparation for active movement, BCI, and MI in SMA but not during the execution of these motor tasks. This effect could be due to the need for planning before the task starts, whereas, once the task has started, no more planning is needed (too simple task) and only motor correction responding to sensory activity takes place. Neuper et al. (2008) demonstrated that abstract feedback (e.g., a thermometer on a screen) from brain oscillations during a BCI task produces similar mu ERD/ERS compared with watching a video of a hand moving. Because our participants watched the hand being moved by the orthosis during the active and passive movements and BCI conditions, the alpha ERD during the task we observed can be a combination of "mirror movement" and proprioceptively produced activity.
It has been suggested that different dynamics in the temporal pattern of oscillatory change in alpha and beta bands indicate that parallel processes may be occurring in the neuronal network configurations involved in generating these rhythms during movement, with those generating beta rhythms having more of a motor component and those generating alpha rhythms having more of a somatosensory component (Jurkiewicz et al. 2006) . In line with these results, Patino et al. (2006) showed that, with chronic deafferentation, there is a larger ERD during active movement performance in the alpha rhythm only, and they speculated an effort-related effect because it should be more difficult to perform a movement without sensory feedback, whereas the beta dynamics remained unaffected after chronic deafferentation and in transient ischemia (Schnitzler et al. 1997) . Although in these studies it was not possible to distinguish whether the stronger alpha power decrease was due to increased effort or to the removal of the expected sensory input, i.e., larger prediction error requiring increased neural processing, it was shown that the removal of afferent feedback does not significantly influence the strength of beta dynamics and at least does not weaken the alpha rhythm dynamics during active movements. However, in the work of Schnitzler et al. (1997) , a complete alpha range was used in the analysis, ignoring the different subcomponents within alpha frequency range; therefore it could have affected the motor component of the alpha rhythm only. Our data show a larger significant beta decrease in power during passive movement, MI, and BCI than during active movement, suggesting a more inhibitory activity modulated by sensory input in the beta frequency range, i.e., the participant feels or imagines feeling the hand moving and inhibits muscle contraction.
However, results from human electroencephalographic studies suggest that an increase (and not a decrease) in power in the beta range is associated with inhibition of the excitatory state of the motor cortex (Gilbertson et al. 2005) . There is also clinical evidence regarding the origin of this inhibition in patients with frontal lobe damage that exhibit "unwilled" automatic movements (Archibald et al. 2001 ). These clinical studies suggest that the prefrontal, anterior cingulate, and supplementary motor cortexes may contribute the necessary inhibition to prevent triggering of movement commands generated in activated motor and premotor cortical areas. Following these studies, we should have observed beta ERD in these areas during active movement. However, during active movement, only sparse significant decreases in power were observed in the low-beta frequency range mainly at medio-central and ipsilateral electrodes, as opposed to the majority of the literature results (Alegre et al. 2004; Derambere et al. 1999; Pfurtscheller and Lopes da Silva 1999; Neuper 1994, 1997; Stanack and Pfurtscheller 1996a, 1996b) . In our study, we used an extra resting task with the same protocol (warning cue with instructions "Rest," imperative cue "GO," and "end cue") and compared it time point by time point and frequency band by frequency band as opposed to the baseline used in those studies (normally an average from each frequency band during some seconds before the task), and this could have influenced the statistical comparison ( Fig. 9) .
We observed several spectral components only related to 1) volition (i.e., all volitional tasks, including BCI, MI, and active movement, showing the same activation); 2) passive proprioception only (i.e., without muscle contraction, including BCI and passive movement, showing the same activation); and 3) proprioception (i.e., all proprioceptive tasks, including BCI, passive movement, and active movement, showing the same activation) ( Table 2) .
The frequency range from 20 to 24 Hz appears to be related to proprioception without muscle contraction because only passive movement and BCI tasks showed significant activity in this band at the time orthosis movement started; therefore, we decided to subdivide the frequency ranges used in Table 1 to analyze these effects more in detail. Furthermore, the BCI condition presented significantly higher activity in this band compared with passive movement, implying that movement imagery linked to passive movements increased the activity in this frequency band in line with previous BCI control results (Ramos-Murguialday et al. 2012 ). This could be explained following the results observed by Kayser et al. (2009) , in which they found that feedback interactions during multisensory processing are associated with beta band activity. However, our results regarding the 20 -24-Hz band, indicate that this somatosensory processing is related to proprioception without muscle contraction because it was absent during active movement.
Beta band activity has been also identified as related to "keeping online" the mapping between somatosensory inputs and motor actions required by the context. Indeed, beta oscillations have been related to top-down attention and sensorimotor decision making (Siegel et al. 2012) . Thus, because the active movement task was a simple opening and closing of the hand, this could have been the reason for the absence of more beta activity desynchronization during active movement, and therefore we suggest that beta ERD is related to proprioceptive information processing and/or the inhibition of muscle contractions.
Summarizing, we observed significant alpha and beta power differences before, at onset, and during the motor tasks that related to passive proprioception or volition only (Table 2) ; before the task, we observed volition-only-related ERS (6 -10 Hz) in contralateral frontal electrodes and passive propriocep-tive-related ERD (19 -24 Hz) in contralateral electrodes. At task onset, we did not observe any specific volition-only-or proprioception-only-related ERD or ERS. During the task, we observed passive proprioception-only-related ERD 19 -24 Hz in all electrodes.
In addition to the main investigated motor-related frequency bands using EEG (alpha and beta), in subdural recordings, contralateral dominant gamma clusters (gamma ERS) have been observed during the execution phase. Our strict filtering of trials containing EMG activity during tasks might have made the detection of gamma activity more reliable. It is important to notice that induced gamma and beta oscillations embedded in desynchronized alpha band activity have been already observed previously (Pfurtscheller and Neuper 1994; Pfurtscheller et al. 1993) . We found significant EEG gamma power changes (24 -45 Hz) during the task to be concurrent with muscle contraction and cooccurring with slow-oscillation (theta and alpha) significant changes in power (Fig. 6 ). Although we have not statistically proven the correlation between theta and gamma activity, recent results using intracranial EEG reported delta and gamma band to contribute significantly more strongly than other frequency bands when decoding muscle activity (Shin et al. 2012 ) and end-point trajectories (Nakanishi et al. 2013 ). Furthermore, it has been shown that theta oscillations modulated power at gamma frequency, such that the gamma oscillations cooccur with the incoming sensory information, i.e., during active sensing (Siegel et al. 2012) . Therefore, we expected to observe cooccurring gamma and theta oscillations during active movement and BCI task; however, this was not the case during BCI.
We concluded that we did not observe slow oscillations cooccurring with gamma oscillations during the BCI task because 1) the BCI system delay linking afferent and efferent activity was not optimal, as naturally happening during active movement, and the slow oscillations could not modulate power at gamma frequency; and 2) significant gamma changes in power are related to muscle contraction only. Fig. 9 . Spectral time-frequency measures statistical comparison. Top: topographical distribution of time-frequency plots for the difference in power between the BCI and the resting class. A: time-frequency spectral perturbation data. B: time-frequency spectral perturbations shown in A but using a significance mask calculated using bootstrapping techniques and corrected for multiple comparisons. Everything not in green is statistically significant. C and D: enlarged channel CP3 time-frequency spectra without and with significance mask, respectively. The vertical dashed line indicates the time in which the GO cue was presented. ERSP is measured in dB difference during BCI task compared with EEG activity during the rest condition. The areas contoured by a black line represent significant activity in spectral changes before multiple-comparison correction.
Another limitation of the study is to what extent the feedback in the BCI task affects the time-frequency modulations. We cannot discern which of the differences in time-frequency activity between MI and BCI were due to proprioception or to the feedback (visual and proprioceptive) of the BCI, which would strengthen the ERD control and therefore SMR activity, as demonstrated previously (Buccino et al. 2001; Lapenta et al. 2013; Ramos-Murguialday et al. 2012) .
During passive movement and active movement, the proprioception is continuous; during BCI (reflected in our results in the theta band during the task), the control of the orthosis will vary depending on the SMR modulation. Therefore, we cannot conclude that, if there is not a modulation at the same time during BCI and passive or active movement, then there is not a common signature between BCI and these two classes (passive and active movement).
Relevant for SMR-based BCI control of orthoses is the fact that theta (3-6 Hz) and alpha (8 -10 Hz) frequency band power changes during MI, BCI, and active movement do not show significant differences. This means that classification of EEG changes attributable to active movement or MI could be differentiated from passive movement-generated desynchronization when using a combination of theta and alpha frequency band features from medio-postcentral electrodes on the contralateral hemisphere. Furthermore, our findings showed that active movement could be easily decoded using low gamma band activity after adequate limb and head EMG artifact filtering. We found theta power increase during the trial to be the feature differentiating BCI and active movement from MI and passive movement (significantly higher power during BCI and MI compared with passive movement and MI), and it could be related to voluntary hand movement generation.
Conclusion
We analyzed the cortical energy changes in the alpha, beta, and low gamma bands before, at onset, and during four motor tasks, from which three of the four motor tasks were related to motor rehabilitation (MI and active and passive movement) and were compared with the other motor task (BCI), in which the three of them were mixed. During the BCI task, we linked brain activity attributable to MI of hand opening/closing and the exact same movement via a BCI-controlled robotic hand orthosis. We demonstrated that spectral power changes in alpha and beta SMR frequency ranges before and during each of the motor tasks (motor imagery, BCI, and active and passive movements) presented low and high components for each band, separating the involvement of these low and high components of alpha and beta band in proprioception and volitional motor commands.
Furthermore, we demonstrated that each motor task presented EEG signatures, which were significantly different from the other motor tasks, except for passive movement. The BCI task incorporated all EEG signatures from passive movement while presenting some EEG signatures shared only with active movement and others related only to the BCI task. On the other hand, and somehow opposite to our goal when closing the loop (BCI), we observed that EEG activity during brain control of the orthotic device in the BCI task did not resemble neural activation generated before (ERS in theta and alpha bands) and during (ERS in beta and low gamma bands) active movement. This was probably due to the absence of muscle contraction during BCI (low gamma ERS), the presence of proprioceptive feedback false positives/negatives, the delay caused by MI classification not being 100% correct, and because signal processing presents a larger delay compared with natural cortico-muscular activations. However, as mentioned above, we found specific significant power changes at frequencies and time windows present during BCI task and active movement only. We observed EEG signatures present during the BCI task only, indicating that the BCI task involves particular neural oscillations not present during MI, passive movement, or active movement tasks. These findings raise the question of the existence of a different brain state when brain-controlling (BCI) afferent pathways (haptic feedback) bypass subcortical, spinal, and peripheral effectors.
In this work, we pinpointed EEG signatures related to motor tasks and motor task components involved in motor rehabilitation, which could be used toward the design and development of an EEG-based user-involvement assessment tool for motor rehabilitation interventions. Such a tool could provide the Significant decrease (ERD) and increase (ERS) in power before (preparation), at onset (planning), and during (execution) for the 4 different motor tasks (active movement, passive movement, MI, and MI with proprioceptive feedback, i.e., BCI) when compared with rest allowed us to identify significant changes in frequency at different electrodes related to: 1) volition (V), i.e., all volitional tasks (BCI, MI, and active movement) showing the same activation, 2) passive proprioception only (PP), i.e., without muscle contraction (BCI and passive movement); and 3) proprioception (P), i.e., all proprioceptive tasks (BCI, passive movement, and active movement). therapist with information regarding the involvement of the patient during the rehabilitation motor training by being able to classify whether the patient is not trying to move and only passive components are present, or whether any volition component is present and the patient is trying to move, but movement is not possible. These features differentiating brain oscillations during motor tasks involved in motor rehabilitation could contribute substantially in the development of more advanced motor rehabilitation therapies like brain-controlled and shared-controlled (EEG-EMG) orthotics. It is important to notice that significant power changes were found before the beginning of the trial in all frequency ranges, suggesting that the prediction of motor intention is very plausible, and therefore so is the development of faster EEG-based BCI control.
The proprioceptive feedback broadened the significant changes in frequency power mainly in alpha and beta bands and therefore increased BCI performance, biasing it as the power at these frequency bands was used as inputs for the linear classifier. We know from previous work (Ramos-Murguialday et al. 2012 that healthy participants and patients can learn to control the proprioceptive BCI, but an adequate selection of features could optimize learning by avoiding afferent bias. For this purpose, we suggest following the work of Siegel et al. (2012) in using spectral fingerprints to distinguish between similar EEG activity in different behavioral levels.
